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a b s t r a c t
As the demand of renewable energy increasing, tidal current hydro turbine has become
a research focus of domestic and overseas, which is a kind of energy conversion device
collecting tidal current energy and generating electricity. The water depth and flow
direction have little effect on work efficiency, but it must work at a flow speed higher
than a certain value. In order to increase the flow speed in the neighborhood of the
turbine, a channelling device should be fixed around the hydro turbine. In order to
get a better hydrodynamic of the channelling device, lattice Boltzmann method (LBM)
which is a new method of computational fluid dynamics is adopted to the numerical
simulation of the channelling device. The hydrodynamics of the channelling devices with
different geometries and assemble gaps are compared. Finally, a program of hydrodynamic
optimization is constructed.
© 2010 Elsevier Ltd. All rights reserved.
1. Introduction
1.1. Channelling device for hydro turbine
New and renewable energy resources are important in order to guarantee a sustainable power production in the future.
Tidal power is classified as a renewable energy resource, because tides are causedby the orbitalmechanics of the solar system
and are considered inexhaustible within a human timeframe. There are basically two methods of extracting energy from
tidal flows. The conventional method is to place a barrage across an estuary with a large tidal range to create a static head
or pressure difference, and operate a low head hydro-electric power plant with intermittent, reversing flow. This scheme
suffers from the drawbacks of expensive civil works, disruption to shipping and environmental concerns. The other method
of extracting energy from tidal is to convert the kinetic energy of moving water directly to mechanical shaft power without
otherwise interrupting the natural flow, in a manner analogous to a wind turbine. Although direct conversion of kinetic
energy by a turbine in tidal flow harnesses less of the total available energy than could be extracted by damming the whole
estuary, this method have several advantages in contrast to the former one. Therefore direct conversion of tidal current
kinetic energy by using hydro turbine is considered a promising way of ocean energy exploitation. The output power of
hydro turbine can be calculated as:
P = 1
2
ρAV3Cp (1)
where ρ is the density of the fluid, Cp is the power coefficient, A is the approach flow area, V is the flow velocity passing
through hydro turbine. From the equation we can conclude that the output power P of hydro turbine is proportional to the
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Fig. 1. The blue energy ocean turbine.
cubic of flow velocity V . Therefore, the output power P of hydro turbine will obviously increase if the flow velocity V is
increased. In practice, the water depth and flow direction have little effect on work efficiency, but it must work at a flow
speed higher than a certain value. Moreover, as the output power depends on the cube of flow velocity in the neighborhood
of the rotor, small variations of flow speed produce very significant fluctuations of generated power.
Unfortunately, tidal current is generated by the relative motion of the Earth, Sun and Moon interacted via gravitational
forces and the tidal is generally keeping in low velocity. In China, although the peak flow velocity of some sea area reaches
up to 4 m/s, tidal current velocity of most coastal area is less than 2 m/s. For this reason, tidal current is difficult to exploit.
So in order to increase the flow speed in the neighborhood of the turbine and improve the rotational speed of the turbine to
get a higher power, an instrument called channelling device need to be designed to the hydro turbine. As a matter of fact,
there are many common features between tidal current power and wind power technology which lead to the concepts of
channelling device based on wind turbines in order to improve the efficiency of a tidal-stream hydro turbine [1,2].
There are many complex problems need to be solved in the research of tidal current power generation. Considering the
advantages of LBM, we would like to make an attempt to analyze the aggregation effects of channelling device using LBM.
1.2. Present research
The International Student Exchange Programs (ISEP) Research Lab of the University of Buenos Aires developed a floating
water current turbines (WCT) firstly employing channelling of the current as a means to improve performance [1]. They
built 24 models and tested in the towing-tank facilities of the Department of Naval Engineering at Facultad de Ingeniería —
Universidad de Buenos Aires (FIUBA). Experimental results confirmed the inherent advantages of using a channelling device:
the flow speed in the neighborhood of the rotor increases with respect to a classic WCT that lacks this device. Besides, the
flow speed in the neighborhood of the rotor becomes steadier, i.e., less dependent on current speed.
Blue Energy Canada systematically applied the concept of channelling device-augmented wind turbine design to water
turbines. They did a series of tests in a laboratory flume in Ottawa from which they estimated that an augmentation factor
up to about 5 could be achieved in a ducted cross-flowwater turbine [3]. The Blue Energy Ocean Turbine is as shown in Fig. 1.
Zhang Liang’s research team of Harbin Engineering University devised a dome for a straight-blade turbine based
on channelling devices used with wind turbines. They designed six 2D dome models of 2 types and calculated their
hydrodynamic properties with Fluent software and compared the effectiveness of these models by experiments [4].
We are doing a tidal current exploiting research that converting tidal current kinetic energy by a hydro turbine, in which
rotor adopts flexible blade [5–7]. In order to improve conversion efficiency of the turbine, we also need a channelling device
to increase tidal current velocity. In order to design reasonable structure, we simulate and analyze the hydrodynamic of
channelling device using lattice Boltzmann method, and compare the effects of channelling devices with different shapes
and sizes to optimize the hydrodynamic characteristics.
2. Numerical simulation of channelling device model
2.1. Hydrodynamic parameters of channelling device
The primary hydrodynamic parameters of channelling device for hydro turbine [4]:
Area ratio: K = B
Bmin
; (2)
Flow ratio: KQ = Q
Q0
; (3)
Velocity ratio: Kvm = Vmean
U
; (4)
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(a) Hyperbola channelling device.
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(b) Trapezoidal channelling device.
Fig. 2. Two shapes of channelling devices.
Drag coefficient: Cx = Fx1
2ρU
2DH
; (5)
where B is the width of the channelling device, Q is the flow through the channelling device, Q0 is the flow through the same
region without the channelling device, Q0 = ρUBH , Vmean is the average flow velocity passing through the narrowest cross
section of the channelling device Bmin, U is inlet flow velocity, D is the diameter of the hydro turbine, and H is the height of
the channelling device.
The introduction of a channelling device for hydro turbine produces two effects [1]:
(1) For a rotor of a given geometrical design (i.e., of a given tip–speed ratio at normal operational conditions), a smaller
rotor size translates into a higher rotational speed for the same flow speed.
(2) The flow speed in the neighborhood of the rotor is higher than the current speed, which also contributes to increase
the rotational speed of a machine of a given power.
2.2. Design of channelling device
The research of flow past channelling devices which is focused on the efficiency of flow aggregation is a special
case of surrounding flow but still obey the same rules. Referring to the comparison of flow past a circular cylinder and
flow past a square cylinder in studied surrounding flows and considering the convenience to manufacture, we choose
hyperbola channelling device and trapezoidal channelling device to make a representative comparison. These two shapes
of channelling devices are designed as shown in Fig. 2.
2.3. Numerical simulation
The design of channelling device mainly take the effects of aggregation caused by channelling device profile line into
consideration, so the influence of hydro turbine can be neglected. Suppose the velocity of inlet flow is uniform and vertical
to the inlet of the channelling device. The effects of the channelling device is compared through dimensionless numbers
calculated from numerical simulation to the flow past by channelling device.
Model size: The length of the channelling device is L, the width of the channelling device is B, theminimizewidth of cross
section is Bmin, and the angle of the trapezoidal channelling device bottom is φ as shown in Fig. 2. In this model: L = 7 m,
B = 3 m, Bmin = 2 m, φ = 30° and the calculation region is 40 m× 10 m. The symmetry center of the channelling device is
at the 1/5 of the calculation region length in horizontal direction and at the 1/2 of the calculation region width in vertical
direction.
2.3.1. D2Q9 Model
At present there are two types of hydro turbines in tidal current energy exploiting, called horizontal axis turbine and
vertical axis turbine respectively. The turbinewith flexible blades rotor being studied can be attributed to the latter category
inwhich the channelling device only need aggregating flow in onedimension. So the flowneighboring the channelling device
can be looked as a 2D fluid flow field.
Qian proposed the lattice BGKmodels which can be used to simulate the Navier–Stokes equation in a simple and efficient
way and obtained the exact Navier–Stokes equation at the second order from the kinetic BGK equation [8].
In the family of models with b velocities on a simple cubic lattice of dimension d (denoted DdQb), D2Q9 model is the
most commonly used model. In this simulation, D2Q9model is adopted to analyze the channelling device model. The D2Q9
model is shown in Fig. 3.
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(a) A standard LB lattice. (b) D2Q9 model.
Fig. 3. LB discretisation and D2Q9 scheme.
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Fig. 5. Zou–He boundary condition.
2.3.2. Boundary conditions
Boundary conditions are necessary before we can compute any meaningful results. In general, we have a great deal of
temporal/spatial flexibility in applying boundary conditions in LBM [9].
The boundary conditions shown in Fig. 6 used in our numerical simulation are: a driving boundary condition with a fixed
velocity at the inlet boundary, pressure boundary condition for exit boundary condition, Zou–He boundary condition [10]
for upper and lower boundaries and bounceback boundary condition for channelling device surface.
One of the most appealing aspects of LBM is that any geometric arrangement of obstacles and open areas can be easily
incorporated into simple models that use bounceback. Bounceback boundaries are particularly simple and have played a
major role in making LBM popular among modelers interested in simulating fluids in domains characterized by complex
geometries such as those found in porous media [9].
In the bounceback boundary condition, a particle hitting a wall simply reverses its momentum. The bounceback rule is
shown in Fig. 4. Their beauty lies in that one simply needs to designate a particular node as a solid obstacle and no special
programming treatment is required. In bounceback boundary condition, solids are separated into two types—boundary
solids that lie at the solid–fluid interface and isolated solids that do not contact fluid. With this division it is possible to
eliminate unnecessary computations at inactive nodes [9].
Zou and He proposed a new method to specify pressure (density) and velocity boundary conditions based on an idea of
bounceback of non-equilibrium distribution [10]. Themagnitude of the error of the half-waywall bounceback is comparable
with that using some other boundary conditions but has a much better stability behavior than that of other boundary
conditions.
This new boundary condition is proposed based on an idea of bounceback on non-equilibrium part as follows: take the
case of a bottom node in Fig. 5, the boundary is aligned with x-direction with f4, f7, f8 pointing into the wall. After streaming,
f0, f1, f3, f4, f7, f8 are known. Suppose that ux, uy are specified on the wall, we want to use Eqs. (6) to determine f2, f5, f6, and
ρ, which can be put into the form:
The standard macroscopic fluid variables, density ρ and velocity u, can be recovered from the distribution functions as
follows:
ρ =
−
α
fα; u = 1
ρ
−
α
fαeα (6)
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Fig. 6. Hyperbola channelling device streamline.
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Fig. 7. Trapezoidal channelling device streamline.
f2 + f5 + f6 = ρ − (f0 + f1 + f3 + f4 + f7 + f8) (7)
f5 − f6 = ρux − (f1 − f3 − f7 + f8) (8)
f2 + f5 + f6 = ρuy + (f4 + f7 + f8). (9)
Consistency of Eqs. (7) and (9) gives
ρ = 1
1− uy [f0 + f1 + f3 + 2(f4 + f7 + f8)]. (10)
Assume the bounceback rule is still correct for the non-equilibrium part of the particle distribution normal to the
boundary (in this case, f2 − f eq2 = f4 − f eq4 ). With f2 known, f5, f6 can be found, thus
f2 = f4 + 23ρuy (11)
f5 = f7 − 12 (f1 − f3)+
1
2
ρux + 16ρuy (12)
f6 = f8 + 12 (f1 − f3)−
1
2
ρux + 16ρuy. (13)
2.3.3. Simulation results
Respectively, we constructed the fluid environment and simulated the streamline of flow past hyperbola channelling
device and trapezoidal channelling device. The streamlines of hyperbola channelling device and trapezoidal channelling
device are shown in Figs. 6 and 7.
From the streamline we can conclude that flow is aggregated and the flow velocity is increased when passing through
the channelling device. As large flow area containing a large amount of energy is concentrated into a smaller area, the output
power of a given sized turbine will be increased.
3. Simulation analysis
The velocity ratios of hyperbola channelling device and trapezoidal channelling device are compared in Fig. 8. It is easily
to conclude from the velocity ratio comparison that the hyperbola channelling device has a better effect of aggregation and
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Fig. 8. Velocity ratio comparison (upper: hyperbola channelling device; lower: trapezoidal channelling device).
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Fig. 9. Velocity ratio with different inlet flow velocity.
has a higher velocity ratio than the trapezoidal channelling device. Besides, the velocity ratio of flow passing through the
hyperbola channelling device tends to be steadier as time steps going on.
The velocity ratios of hyperbola channelling device with different inlet flow velocities are compared in Fig. 9. Where
horizontal axis U refers to inlet flow velocity; the vertical axis Kvm refers to the velocity ratio. From the comparison we
know that the velocity ratio reduces as the inlet flow velocity increases at low inlet flow velocity conditions.
The velocity ratios of the channelling devices with different assemble gaps are compared as shown in Fig. 10. Where
horizontal axis d refers to assemble gap; the vertical axis Kvm refers to the velocity ratio. From the comparison we can
conclude that the smaller the assemble gaps are, the larger the velocity ratios are which obeys the basic law of continuity
equation of water flow. At the situation of constant entrance section area, the flow velocity will increase as the section area
reduces.
The comparisons of channelling device streamlines are as follows Figs. 11–14 with the same device wide B and different
assemble gaps: 0.5 m, 1.0 m, 1.5 m, 2.0 m. From the comparison we can see that as the assemble gaps increases the flow
vortex at the backside of the channelling device becomes smaller and even disappear because the flow velocity increment
reduces and the flow becomes steadier.
The channelling device has the effects of flow aggregation, but it has the resistance effects at the same time. The effects
of flow aggregation will be enhanced as the resistance effects decreased in the case of other conditions remain unchanged.
So in order to enhance the flow aggregation effects in a fixed fluid environment, an important way is to change the shape
of channelling device to reduce the resistance effects. The hyperbola channelling device has a smooth surface and verified
to be a better choice with less resistance effects and more fluency lineshape. So we chose the hyperbola channelling device
to do further study and made these comparisons. It is concluded from the comparisons that the flow velocity increased and
the efficiency of flow aggregation enhanced as the assemble gap became smaller and the separation vortex appeared on the
outer surface. So the appearance of the separation vortex is based on the parameters of the simulation environment such
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Fig. 11. Streamlines with assemble gap 0.5 m.
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Fig. 12. Streamlines with assemble gap 1.0 m.
as the size of assemble gap, and it will become smaller with the decrease of the assemble gap and even disappear when the
assemble gap decreases to a certain size. Besides, if the inlet flow velocity becomes slow enough it will disappear too.
From the output power equation of hydro turbine (1), the output power is not only related to the flow velocity, but also
depends on the size of the hydro turbine. They are both have relation with the assemble gap of the channelling device. So it
should be considered comprehensively to get an optimum value of the assemble gap.
4. Conclusion
In this research, we try to use LBM to analyze the hydrodynamic of channelling device of hydro turbine, and beneficial
attempts have been carried out which will be instructive of combining LBM with engineering applications. Besides, a new
method to analysis the hydrodynamic of channelling device is proposed, and LBM is proved to be a feasible method to this
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Fig. 13. Streamlines with assemble gap 1.5 m.
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Fig. 14. Streamlines with assemble gap 2.0 m.
application area. The effects of channelling device is verified that it has the effects of increasing the pressure drop form inlet
flow to the flow passing by hydro turbine, drawing in more flow and increasing the power output of a given sized turbine.
From the comparative analysis, we conclude that the use of LBM numerical simulation analysis method in engineering
application is available and the hyperbola channelling device is proved to be a kind of optimizing channelling device which
has much more advantages such as less resistance effects and more fluency lineshape and so on.
The research of channelling device using LBM is limited under time and condition restrictions. So still much further work
need to be done. We will continue to do our research work with a more detailed analysis of channelling device based on
LBM, and a general consideration of future work is as follows: Firstly, do further grid generation research to get a more
effective grid model in order to improve calculation efficiency. Secondly, in order to make wide comparison, we will try to
design more kinds of models with different shapes and sizes. Besides, the hydro turbine will be added to the channelling
device in order to get a more actual optimization result. Moreover, more experiment research work will be done to identify
the simulation results. Finally, the analysis of channelling device of hydro turbine using LBM is an attempt. In the future, we
will try to combine LBM with other engineering applications, such as flow past airfoils, the hydrodynamic of hydro turbine
and so on.
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